We study how the properties of transient sources of ultra-high-energy cosmic rays (UHECRs) can be accessed by exploiting UHECR experiments, taking into account the propagation of UHECRs in magnetic structures which the sources are embedded in, i.e., clusters of galaxies and filamentary structures. Adopting simplified analytical models, we demonstrate that the structured extragalactic magnetic fields (EGMFs) play crucial roles in unveiling the properties of the transient sources. These EGMFs unavoidably cause significant delay in the arrival time of UHECRs as well as the Galactic magnetic field, even if the strength of magnetic fields in voids is zero. Then, we show that, given good knowledge on the structured EGMFs, UHECR observations with high statistics above 10 20 eV allow us to constrain the generation rate of transient UHECR sources and their energy input per burst, which can be compared with the rates and energy release of known astrophysical phenomena. We also demonstrate that identifying the energy dependence of the apparent number density of UHECR sources at the highest energies is crucial as a clue to such transient sources. Future UHECR experiments with extremely large exposure are required to reveal the nature of transient UHECR sources.
INTRODUCTION
The origin of ultra-high-energy cosmic rays (UHECRs) has been a mystery for more than forty years. The highest energy cosmic rays ( 10 19 eV) are usually thought to be extragalactic origin, and various kinds of astrophysical objects have been suggested as primary source candidates, including gamma-ray bursts (GRBs) (e.g., Waxman 1995; Vietri 1995; Murase et al. 2006; Murase et al. 2008a) , newly born magnetars (Arons 2003; Kotera 2011) , active galactic nuclei (AGN) (e.g., Biermann & Strittmatter 1987; Takahara 1990; Norman et al. 1995; Farrar & Gruzinov 2009; Dermer et al. 2009; Pe'er et al. 2009; Takami & Horiuchi 2011; Murase et al. 2011) , and structure formation shocks (e.g., Norman et al. 1995; Kang et al. 1996; Inoue et al. 2007 ). Theoretically, UHECR sources are expected to be powerful enough. For cosmic-ray accelerators associated with an outflow, the Hillas condition (Hillas 1984) can be rewritten in terms of the isotropic luminosity L as (e.g., Blandford 2000; Waxman 2004; Farrar & Gruzinov 2009; Lemoine & Waxman 2009 )
where ǫ B , Z, Γ, β and E 20 = E/10 20 eV are a fraction of magnetic luminosity to the total luminosity, the nuclear mass number of cosmic rays, the bulk Lorentz factor of the outflow, the velocity of a shock or wave in the production region in the unit of speed of light and the energy of cosmic rays, respectively. Among known candidates, few steady sources such as Fanaroff-Riley (FR) II galaxies seem to satisfy this condition in local Universe for Z = 1, which is inconsistent with the observed anisotropy as long as UHECRs are protons (e.g., ). Also, Zaw et al. (2009) argued that the power of AGN correlating with detected UHECRs seems insufficient to produce UHECR protons. The above luminosity requirement can be satisfied, however, if UHECRs are generated by powerful transient phenomena like AGN flares, GRBs and newly born magnetars even if they are protons (e.g., Farrar & Gruzinov 2009; Dermer et al. 2009; Lemoine & Waxman 2009 ).
The other possible astrophysical solution is to consider that heavy nuclei dominate over protons, where the required luminosity is reduced by Z 2 and therefore more objects are allowed to be UHECR sources. Indeed, the heavy-ion-dominated composition has been implied by recent results of the Pierre Auger Observatory (PAO) (Abraham et al. 2010a) . If this is the case, only a few nearby radio galaxies or even a single AGN such as Cen A may contribute to the observed UHECR flux (e.g., Gorbunov et al. 2008) . Other sources, including radioquiet AGN (Pe'er et al. 2009 ) and GRBs (Murase et al. 2008a; Wang et al. 2008) , are also viable. The absence of anisotropy at ∼ 10 20 eV/Z may imply high abundance of nuclei (Lemoine & Waxman 2009; Abreu et al. 2011) even at thelower energies, the origin of which is unclear. On the other hand, the PAO data on the fluctuation of X max seem difficult to be reconciled with the X max distribution of the same data (Anchordoqui et al. 2011) , and proton composition may be possible with a different estimator of primary composition (Wilk & Wlodarczyk 2011) . Also, the High Resolution Fly's Eye (HiRes) has claimed proton-dominated composition even above 10 19 eV (Abbasi et al. 2010) . There are different arguments and the UHECR composition has not been settled experimentally. Proton composition seems possible at present.
If UHECR sources are transient, that is, the source activity is shorter than the dispersion of the arrival time produced by cosmic magnetic fields during propagation, the direct identification of UHECR sources by UHECR observations is a more difficult task than that for steady sources due to the delay of the arrival time between UHECRs and other neutral messengers (photons, neutrinos and gravitational waves) emitted by the same source activity. Multi-messenger approaches are definitely powerful, but it is important to extract as much information as possible from UHECR observations as one of the messengers. For transient sources, relations between observed quantities and the properties of UHECR sources have been discussed, considering intervening cosmic magnetic fields (e.g., Murase & Takami 2009 ). Any candidate of primary UHECR sources has to possess enough energy budget to reproduce the observed flux, which is the product of the energy input per activity and the rate of bursts or flares. The rate of bursts or flares is related to the apparent UHECR source number density, which can be determined from anisotropy in UHECR arrival distribution. The relation between the rate and the apparent source number density is less obvious, depending on the Galactic magnetic field (GMF) and poorly known extragalactic magnetic fields (EGMFs).
The GMF unavoidably affects UHECRs arriving at the Earth. Considering the GMF allows us to evaluate the above relation and to give a constraint on candidates of transient UHECR sources through comparing between the rate inferred from UHECR observations and that of known transient phenomena (Murase & Takami 2009 ).
Despite current uncertainty in EGMFs, it has been believed that the inhomogeneity of the EGMFs in the Universe is crucial for the propagation of UHECRs (e.g., Sigl et al. 2003 Sigl et al. , 2004 Takami et al. 2006; Das et al. 2008; Kotera & Lemoine 2008) . The Universe indeed has structures, which consist of clusters of galaxies, filaments, sheets and voids. It has been suggested that magnetic fields in the structured regions were amplified via cosmological structure formation, and various numerical simulations of the structure formation have shown that the EGMF distribution follows the matter distribution (e.g., Sigl et al. 2003 Sigl et al. , 2004 Dolag et al. 2005; Ryu et al. 2008) . So, astrophysical objects including astrophysical UHECR sources are generally embedded in the structured regions. Thus, these magnetic structures also unavoidably affect the propagation of UHECRs. The structured EGMFs play essential roles in the time-delay and time-profile spread of UHECRs as well as their deflections.
In this paper, we study the roles of structured EGMFs on the propagation of UHECRs, and see how the properties of transient UHECR sources, e.g., the rate of UHECR bursts or flares ρ s , can be constrained. In section 2, we describe basic relations between the UHECR burst rate and observational quantities that can be obtained by UHECR experiments. Possible signatures of transient UHECR sources that may be seen in the arrival distribution of UHECRs are also discussed. In section 3, we numerically calculate the propagation of UHECRs in the magnetized structures for various source positions, and evaluate the time spread due to the structured fields. Then, in section 4, we discuss possible constraints on the UHECR burst rate and cosmic-ray energy input burst, taking into account large uncertainty in the void EGMF. We present discussions in section 5 and summarize this study in section 6. Throughout the paper, the proton-composition is assumed, and ΛCDM cosmology with H 0 = 71 km s −1 Mpc −1 , Ω m = 0.3 and Ω Λ = 0.7 is adopted.
2. BASIC RELATIONS 2.1. Maximum distance of contributing sources UHECRs above 5 × 10 19 eV cannot avoid energyloss due to photomeson production with cosmic microwave background (CMB) photons (Greisen 1966; Zatsepin & Kuz'min 1966) . Hence, nearby UHECR sources within the so-called Greisen-Zatsepin-Kuz'min (GZK) radius mainly contribute to the observed flux, which is typically the energy-loss length of ∼ 100 Mpc at 6 × 10 19 eV. For practical purpose, we here introduce D max (E) that is the maximum distance of sources of UHECRs observed with the energy E at the Earth. This is defined as the distance within which sources are responsible for 99 % of the total observed flux. This definition is more appropriate than what we used in Murase & Takami (2009) , where the energy-loss length of the photomeson production is simply adopted, because sources outside the energy-loss length can still significantly contribute to the total observed flux due to a volume effect. We estimate D max (E) through a backtracking method of the propagation of UHECRs with a continuous energy-loss approximation on the photomeson production and Bethe-Heitler pair creation with CMB photons (Takami et al. 2006) . Figure 1 shows D max (E) calculated on the assmption that UHECR emissivity is proportional to (1 + z) 3 and the spectral index of -2.6, where z is cosmological redshift. Note that D max (E) is not sensitive on these assumptions since it is essentially determined by the energy-loss of the photomeson production. One sees that D max (E) rapidly decreases owing to the photomeson production with CMB photons with increasing the energy of protons. D max (E) is typically 200 Mpc and 75 Mpc at E = 6×10 19 eV and 10 20 eV for E max = 10 21 eV, respectively.
2.2. Deflection and time profile spread Trajectories of UHECRs are deflected in magnetized extragalactic space, whose magnetic fields are still uncertain (e.g., Kronberg 1994 , for a review). Assuming that EGMFs are incoherent (λ ≪ D), a typical deflection angle of UHECRs during propagation in extragalactic space is estimated to be where D 75 = D/75 Mpc and r L = E/eB are the propagation distance of UHECRs and the Larmor radius of the UHECRs for the characteristic EGMF strength of B −9 = B/10 −9 G and the correlation length of λ 0 = λ/10 0 Mpc, respectively. e is the electron charge magnitude. The last inequality is obtained from an upper limit on the averaged EGMF from Faraday rotation measurements of distant quasars, Bλ Ryu et al. 1998; Blasi et al. 1999) . Similar values have been derived from CMB and matter power spectra for the primordial magnetic field at present (e.g., Jedamzik et al. 2000; Yamazaki et al. 2010) . On the other hand, several plausible GMF models predict deflection angles of 5
• at ∼ 6 × 10 19 eV and smaller at higher energies in almost all the directions in the sky (Takami & Sato 2008; Takami & Sato 2010) . Those deflections seem comparable to the the correlation angle between UHECRs and their source candidates which were originally reported by the PAO, ∼ 3
• above ∼ 6 × 10 19 eV (Abraham et al. 2007 ). However, one should keep in mind that such angular scale should not always be interpreted as the typical deflection angle of UHECRs, i.e., the source candidates could be tracers of true sources, both of which are embedded in the large-scale structure which are spread with typical angular scale of ∼ 10
• in local Universe in the projected sky. A careful correlation analysis on the PAO data with galaxies in local Universe suggested the correlation with the large scale structure, implying the deflection angles of 15 • more conservatively .
UHECRs propagate along different paths in magnetized space, which produce the time profile spread of a UHECR burst. The spread is comparable with the timedelay t d . The apparent duration of a UHECR burst is
This expression depends on D. Using D max (E), let us introduce the characteristic time spread by (e.g.,
In the above discussion, we have not specified EGMFs. The EGMFs consist of magnetic fields in structured regions, i.e., clusters of galaxies and filaments, and magnetic fields in voids. Clusters of galaxies typically possess ∼ 0.1 − 1 µG, whereas magnetic fields in filaments are expected to be weaker. Recent sophisticated numerical simulations suggested ∼ 10 nG and ∼ 30 nG as volume-averaged and root-mean-square components, respectively . The EGMF in a void is much less understood. Upper limits on the effective EGMF have been obtained from the Faraday rotation measure as mentioned above, i.e., Bλ 1/2
10
−8 G Mpc 1/2 . A recent evaluation of the upper limit of the primordial magnetic field, which is believed to be the EGMF in voids, derived B v < 2.5 nG for λ v = 1 Mpc from the power spectra of CMB and matter (Yamazaki et al. 2010) . On the other hand, the usage of the pair-halo/echo emission from TeV blazars may give lower bounds (Plaga 1995; Murase et al. 2008b) , and B v 10 −18 − 10 −17 G have recently been suggested from Fermi data (e.g., Dolag et al. 2011; Dermer et al. 2011; Takahashi et al. 2011) . If the strength of the void EGMF is close to these lower limits, only EGMFs in the structure regions play the role in the propagation of UHECRs. The effective magnetic field strength B eff and its correlation length λ eff can be estimated from,
where f x , λ x and r L,x for x = c, f, v are the volume filling fraction of a structure x, the correlation length of a magnetic field and the Larmor radius of UHECRs in a structure x, respectively, and x = c, f, v correspond to clusters of galaxies, filamentary structures and voids, respectively.
Here, let us assume that the EGMF in voids is negligibly weak for the UHECR propagation, focusing on effects of the structured EGMFs. Because of the small volume filling fraction of galaxy clusters (f c ∼ 10 −4 ) in our model (see the next section) and several simulation results (Dolag et al. 2005; Das et al. 2008 , see also Figure 9 of Kotera & Olinto (2011) ), one may approximate that only UHECRs generated in clusters of galaxies are affected by a magnetic field of clusters. Assuming f f ∼ 0.01, B f = 10 nG and λ f = 100 kpc , an estimated value is B eff λ eff 1/2 ∼ 0.3 nG Mpc 1/2 because only the second term contributes if all UHECR sources are embedded in filamentary structures, or B eff λ eff 1/2 ∼ 1.0 nG Mpc 1/2 if all UHECR sources are embedded in clusters of galaxies on the assumptions of B c = 0.3µG and λ c = 100 kpc.
In this section, for simplicity, the energy-loss of protons was neglected except for D max (E) in discussing the analytical expressions. The energy-loss during propagation will be taken into account when numerical calculations are performed in section 3 and 4.
2.3. UHECR burst rate and apparent source density We call sources "transients" when the intrinsic duration of UHECR production at a source δT is shorter than the characteristic time profile spread τ (E) at the observed energy of E. If the time dispersion is longer than the time scale of UHECR observations, we misperceive that UHECR bursts are steady sources, and therefore can define the "apparent" number density of UHECR sources n s (E). The source number density is related to the rate of UHECR bursts ρ s as (Miralda-Escude & Waxman 1996)
The source number density generally depends on UHECR energies, since the apparent duration is dependent on energies explicitly. UHECRs observed at the Earth suffer from the GMF and EGMFs embedding their sources.The GMF typically has order of µG for a disk component, and it also has random and halo components. In principle, ρ s can be estimated by equation (6) if the time spread by these fields and the EGMF in voids can be well estimated. However, the EGMF in voids is highly uncertain as discussed in the last subsection, but could contribute to the total time spread significantly because of large propagation distance compared to the size of Galactic space and the magnetic structures around sources. This uncertainty leads to a finite range of allowed values of ρ s . Given inevitable contributions of the GMF and EGMFs embedding UHECR sources to the apparent duration, τ min (E), and the allowed maximal time spread including the contribution from the poorly known EGMF in voids, τ max (E), the rate of UHECR bursts is limited as (Murase & Takami 2009 )
Here, n s (E) can be, in principle, estimated from anisotropy in the arrival distribution of UHECRs (e.g., Yoshiguchi et al. 2003; Takami et al. 2006; Cuoco et al. 2009 ), assuming that the time spread is longer than the UHECR observation timescale. However, one should keep in mind that equation (6) is valid when each UHECR burst can be individually identified as a burst (Murase & Takami 2009 ). If more than one bursts or flares occurring in an angular patch contribute to UHECRs observed in the same time-window, i.e., the time profiles of two independent UHECR bursts from the same direction (within the size of the angular patch) are overlapped at the Earth, equation (6) cannot be used as it is. Therefore, one has to focus on UHECRs with higher energies to examine cases where τ (E) is shorter than the apparent time interval between bursts or flares occurring in the same angular patch, ∆T . In reality, UHECRs have finite deviation angles due to cosmic magnetic fields, so UHECRs from a source arrives within a finite solid angle ∆Ω = πψ 2 around the source, which can be regarded as the appropriate size of the finite angular patch. For a given ρ s , the apparent time interval between bursts in the region of the sky with ∆Ω is estimated to be ∆T ∼ 3
yr, (8) where ψ 5 ≡ ψ/5 • and ρ s,0 = ρ s /10 0 Gpc −3 yr −1 . We take the typical positional correlation scale as ψ, and use ψ ∼ 5
• as a reference choice, which corresponds to B eff λ eff 1/2 2 nG Mpc 1/2 . This is reasonable, since this is consistent with the effective EGMFs estimated in the last subsection and a current upper limit of the void EGMF from a plausible cosmological model is 2.5 nG for λ v = 1 Mpc (Yamazaki et al. 2010 ), but more conservative discussions with larger values of ψ are also possible. Equation (8) implies that a smaller ∆Ω gives larger ∆T , but ∆T should be limited to the burst/flare intermittence in a host galaxy, ≈ n h /ρ s , where n h is the number density of host galaxies of UHECR sources. In other words, ∆Ω smaller than the corresponding lower limit is meaningless, at which one host galaxy should exist in a volume with a solid angle ∆Ω within D max (E).
We call the case "bursting case" that only one burst or flare contributes to arriving UHECRs at a time in a direction, i.e., τ (E) < ∆T . Then, the requirement τ (E) < ∆T gives a sufficient condition to apply equation (6), which leads to
with the usage of equation (6). As demonstrated in Figure 2, the range of n s (E), in which equation (6) can be applied, is extended to larger n s (E) at higher energies, because the smaller number of sources contributing to the observed flux decreases the probability that two bursts are temporally overlapped in a region of the sky (see also equation (8)). Thus, we especially focus on cases of E ∼ 10 20 eV to demonstrate constraints on ρ s in Sections 3 and 4, although discussions are general for other E. Note that, although we here fix ψ even at higher energies, smaller values of ψ are expected there, so that the extension of the curve to higher energies would be more easily justified.
On the other hand, if τ (E) > ∆T , another UHECR burst may start to contribute before the end of the former UHECR burst is observed, and equation (8) implies,
Since n s (E) can be determined by the auto-correlation analysis, equation (6) enables us to estimate ρ s from observational quantities, if τ (E) can be evaluated by EGMF simulations and observations. Importantly, n s (E) has the characteristic energy dependence, which is demonstrated in Figure 2 . Here, the case that only the EGMF in filamentary structures affects the time spread of UHECR bursts is considered for demonstration, i.e., Figure 2 . The diagram of how transient UHECR sources are observed by UHECR experiments. In the region below the upper solid line each UHECR burst is observed with spatial and temporal separation, i.e., equation (6) is valid. This case is called "bursting case" in this paper. Note that ψ = 5 • is assumed. In the region below the lower solid line, there is no UHECR source within Dmax(E).
The relation between the apparent source number density ns(E) and E is demonstrated (dashed lines) for ρs = 1 Gpc −3 yr −1 and ρs = 10 2 Gpc −3 yr −1 in the case where a EGMF in filamentary structures dominantly affects the propagation of UHECRs, i.e., B eff λ eff 1/2 ∼ 0.3 nG Mpc −3 . The curve in the case of ρs = 10 2 Gpc −3 yr −1 is saturated at n h , which is assumed to be 10 −4 Mpc −3 . yr −1 . One sees that n s (E) changes by more than one order of magnitude when E increases by the cubic root of ten. This means that anisotropy features are different among energies. Thus, observations of UHECRs above 10 20 eV are crucial to identify this tendency clearly. Future UHECR experiments with large exposures may detect a large number of the highest-energy events and allow us to determine the dependence of n s (E). Now, remember that, even if ψ was small, ∆T would be limited by n h /ρ s . In other words, n s (E) must not be larger than n h , and thus the curve of n s (E) may be saturated. This situation is also demonstrated, assuming n h = 10 −4 Mpc −3 , which is comparable to the local number density of FR I galaxies (Padovani & Urry 1990 ). In the case of ρ s = 10 2 Gpc −3 yr −1 , the curve of n s (E) is saturated and then becomes flat at low energies. Thus, the number density of host galaxies could also be estimated if such a saturated curve is seen. Note that n h does not depend on a given EGMF model, and gives a robust constraint on UHECR source population through relations between UHECR sources and their host galaxies. The relations were briefly discussed in .
There is a region on the diagram, where less than one transient source contributes to the total flux observed at the Earth in the bursting case, especially at high energies. This is obviously expected from the fact that D max (E) becomes smaller at higher energies. This region cannot be used to constrain UHECR sources because there is no UHECR source in the sky. The condition that less than one transient source contributes to the total flux is 4π 3
Remembering n s (E) ≃ 3ρ s σ(E, D max (E))/5, the region where less than one source exists within D max (E) is determined by
This border line is also shown in Figure 2 , below which the curves of n s (E) are truncated. This region does not depend on the choice of ψ. Just above the border line, there are only a few sources within D max (E), where we can observe strong anisotropy from these nearby rare sources, which is strong evidence for the location of UHECR sources. In this viewpoint large UHECR experiments for UHECRs above E > 10 20 eV are required. The energy dependence of n s (E) may originate from transient source scenarios, but it is not always direct evidence on transient UHECR sources, although the dependence is generally different between transient scenarios and steady scenarios. If all the UHECR sources are identical and steady, n s (E) is a constant up to E = E max . However, if steady sources have different E max among sources, n s (E) could depend on E. For instance, Kachelriess & Semikoz (2006) demonstrated that steady UHECR sources with the power-law spectral slope of ∼ 2.0 can reproduce the observed steep spectrum if a power-law distribution of E max with the index of ∼ 1.7 among sources is assumed. In this case n s (E) is expected to be proportional to E −1.7 . On the other hand, in the cases of transient sources demonstrated in Figure 2 , the spectral index of the dependence of n s (E) on E is much less than −2.0 above 10 20 eV owing to the dependence of D max (E) on E. Different E max among sources is expected to lead to additional steepening of the dependence, although an identical E max is assumed throughout this paper for simplicity. Therefore, transient cases has the steeper dependence on E, but careful discussions are required to distinguish transient cases from steady cases. Spiky spectral features in the spectrum of UHECRs which are specific in transient sources may also help support transient scenarios .
We have shown that the dependence of n s (E) on E provides us with a hint of transient sources. Although above discussions neglect the energy loss of UHECRs, the tendency that n s (E) decreases at high energies is a general feature.
In order to estimate n s (E) at sufficiently high energies, large statistics beyond the GZK energy (∼ 10 20 eV) is required. Large statistics can also reduce the uncertainty of estimated n s (E) significantly (Takami & Sato 2008) . Future large UHECR experiments to target UHECRs above 10 20 eV such as Extreme Universe Space Observatory (JEM-EUSO) (Ebisuzaki et al. 2008) and the Northern site of the Pierre Auger Observatory (Blümer & the Pierre Auger Collaboration 2010) will give important information to constrain the properties of transient UHECR sources.
PROPAGATION OF UHECRS IN MAGNETIZED
REGIONS The positions of UHECR sources in structured regions depend on source candidates. Recent studies have shown that the star formation rate of galaxies tends to be larger in the outskirts of clusters and filaments than that inside (2004)) (red) and of background light in a cluster of galaxies at 100 kpc (green), 300 kpc (blue), 500 kpc (magenta), 1 Mpc (light blue), and 2 Mpc (black) away from the center of the cluster.
clusters (e.g., Porter et al. 2008) . Since the explosion of massive stars is expected to happen in galaxies with high star formation rates, UHECR source candidates such as GRBs and newly born magnetars are more likely to be located in filaments or outskirts of clusters. On the other hand, powerful radio galaxies may be more centrally distributed (e.g., Lin & Mohr 2007) . Here, two EGMFs, i.e., the EGMF in a filamentary structure and the EGMF in a cluster of galaxies, and three locations of UHECR sources are investigated: in a filamentary structure, at the center of a cluster of galaxies and 1 Mpc away from the center of a cluster of galaxies. In addition, the GMF is also considered as an unavoidable magnetic field for UHECRs arriving at the Earth.
3.1. Models and calculation method Here, a cluster of galaxies is modeled as a spherical structure with the radius of 3 Mpc. Since the local number density of clusters is ∼ 10 −6 Mpc −3 (Mazure et al. 1996) , the volume filling fraction of galaxy clusters in this model is ∼ 10 −4 , which is the referred value in section 2.3.
The strength of a magnetic field in the cluster is assumed to scale with the distance from the center of the cluster as given by the flux-freezing condition with an thermal electron component modeled as a β-model following the treatment of de Marco et al. (2006),
where r c = 378 kpc and B 0 = 1µG. The direction of the magnetic field is set to be turbulent with the Kolmogorov power spectrum with the maximum scale of λ c,max . The strength of the magnetic field averaged over this cluster model is ∼ 0.3µG. An infrared background photon field in the cluster of galaxies is modeled as the superposition of the spectral energy distribution of 100 giant elliptical galaxies calculated by GRASIL (Silva et al. 1998 ) in addition to a low infrared model of extragalactic background light at z = 0 by Kneiske et al. (2004) . The galaxies are assumed to be distributed following an analytical fitting formula of the gas distribution (Rordorf et al. 2004) ,
where r 1 = 10 kpc, r 2 = 250 kpc, r 3 = 1 Mpc, α 1 = −0.51, α 2 = −0.72, and α 3 = −0.58. Figure 3 shows the number densities of photons in the cluster of galaxies at several radius from the center.
As mentioned above, the two positions of a UHECR source in the cluster of galaxies are considered. In both cases, UHECRs are injected as a jet in the direction of an observer, i.e., in the radial direction, with the opening angle of 0.1 radian (∼ 6
• ). The jet-like UHECR injection is motivated by many source candidates such as GRBs and AGN.
A filamentary structure is approximated to be a cylinder with the radius of 2 Mpc with the magnetic strength of 10 nG based on simulation results . Although the direction of a magnetic field is not clear yet, we assume a turbulent field with the Kolmogorov spectrum with the maximum scale of λ f,max . The photon field in the filament is assumed to be the same model of extragalactic background light as that used for the cluster. A source is located on the axis of the cylindrical filament and emits UHECRs toward a direction perpendicular to the axis with the jet opening angle of 0.1 radian. Although the direction of the jet with regard to the axis of the cylindrical filament depends on individual sources, this configuration is justified because it provides with a reasonable lower limit of the time-delay and resultant time spread of UHECRs. In addition, this allows us to avoid the dependence of results on the height of the cylinder, although it is assumed to be 25 Mpc.
Regarding the correlation length of the magnetic fields, the energy of turbulence is, in general, injected at large scale characterized by the driving scale of a turbulent magnetic field. The energy is transferred into smaller scale turbulence, and then is dissipated to thermal energy at small scale. In the intermediate scale, the energy spectrum of the turbulence can be well described by a power-law spectrum in many cases. Focusing on this region we model the EGMFs as Kolmogorov turbulence. However, these models do not consider magnetic fields at spatial scale larger than that where the power-law spectrum is valid. The ignorance of the larger scale magnetic fields let us underestimate the deflection angles of UHECRs. Since the spectral shape of the magnetic fields depends on their generation mechanism, scale and geometry, we avoid the uncertainty and simply employ Kolmogorov turbulence with the maximum scale so larger than the correlation lengths λ c and λ f , as to reproduce the analytical estimation of UHECR deflection angles in the last subsection on average. We set λ c,max = 400 kpc and λ f,max = 400 kpc for the maximum scale.
In any case, once a UHECR is emitted from a source, the propagation of the UHECR is calculated by solving the equation of motion in each magnetic structure taking energy-loss processes by interactions with ambient photon fields, i.e., photomeson production and BetheHeitler pair creation, into account. An event generator SOPHIA is adopted to simulate the photomeson produc- Figure 4 . Normalized time-delay distributions of protons with energies of 10 20 eV produced during propagation in the GMF (magenta) and extragalactic magnetic structures around a source, i.e., a cluster of galaxies when the source is located at the center (red), a cluster of galaxies if there is the source at 1 Mpc away from the center (green) and a filamentary structure (blue). Note that the 10 20 eV is the energy of protons at the local frame of the magnetic structures. It is the energy of protons at UHECR generation in the former three cases, while it is the energy when UHECRs penetrate into the Galactic space, i.e., observed energy, in the latter case.
tion (Mücke et al. 2000) , and the energy-loss rate of protons by the Bethe-Heitler pair creation is estimated by an analytical fitting formula in Chodorowski et al. (1992) . When the UHECR reaches the boundary of the structures, we record the time-delay and deflection angle of the UHECR, and obtain these distributions from the propagation results of many UHECRs.
The time-delay and deflection angles of UHECRs in the GMF is estimated by using a backtracking method (e.g., Takami & Sato 2008; Takami & Sato 2010) . For the GMF model, the BS-S model used in Takami & Sato (2010) , which was originally proposed by Alvarez-Muñiz et al. (2002) , is adopted. Since the GMF is distributed similarly to the Galactic arm, the timedelay of UHECRs depends on the arrival directions of UHECRs. So, we adopt a value averaged over the whole sky as a typical value of time spread. All the energy-loss processes can be neglected because the propagation path length of protons is much smaller than their attenuation length at energies we are interested in. Figure 4 shows the distribution of the time-delay of protons with the energy of 10 20 eV in the different magnetic structures. σ(E) ∼t d (E) is confirmed in all the cases. The deviation of the time profile of a UHECR burst produced by these magnetic structures are σ G (E) ∼ 10 1.5 yr, σ fil (E) ∼ 10 2.5 yr, σ c1 (E) ∼ 10 5 yr and σ cc (E) ∼ 10 5.8 yr at E = 10 20 eV, respectively. Here σ G (E) and σ fil (E) are the time spread produced by the GMF and the EGMF in a filamentary structure, respectively. Both σ cc (E) and σ c1 (E) are time spreads produced by magnetic field in a cluster of galaxies, but the former is the case when a UHECR source is located at the center of the cluster, while the latter is the case when a UHECR source is located at 1 Mpc away from the center of the cluster. σ fil (E), σ c1 (E) and σ cc (E) are proportional to E −2 because the turbulent fields are as- sumed, which were able to be confirmed by the numerical simulations.
Time-delay and deflections
Here, let us check the validity of ψ ∼ 5
• . Figure 5 shows the distribution of the deflection angles of protons with the energy of 10 20 eV in the different magnetic structures. The deflection of the protons by the GMF and magnetic field in a filamentary structure satisfy ψ 5
• . On the other hand, a cluster of galaxies produces the deflection of protons larger than 5
• . However, in this case, the sky region where UHECRs from the source are occupied is determined not by the deflection angles but by a viewing angle of the magnetic structure; i.e., ψ 5
• is satisfied if D 30 Mpc. Thus, only the Virgo cluster (∼ 16 Mpc) does not satisfy this requirement. If the Virgo cluster does not have UHECR sources, ψ ∼ 5
• is still justified. Otherwise, it is sufficient to continue discussions that a larger ψ 10
• is adopted. In the latter case, the validity of equation (7) is a bit changed as shown in equation (9). We use ψ = 5
• to simply compare the case of clusters of galaxies with the other cases in this paper.
IMPLICATIONS FOR PROPERTIES OF UHECR
BURSTS For UHECRs observed at energies E, while the time spread by the GMF should be estimated at the observed energy E, that by structured EGMFs embedding their sources should be considered by using E g (E, D), which is the energy of UHECRs at generation, because UHECRs lose their energies during propagation in intergalactic space. This is specially important when E is higher than the threshold of the photomeson production. Assuming that UHECR sources are uniformly distributed in local Universe, we introduce characteristic time spread in the structured EGMFs as
where x = fil, cc, c1. Here E g (E, D) is calculated by the backtracking method used for the calculations of D max (E). We adopt the characteristic time profile spread τ x (E) to constrain ρ s below. Since E is lower than E g (E, D) for any E and D because of energy-loss, σ x (E max ) is generally smaller than τ x (E). Therefore, σ x (E max ) instead of τ x (E) gives a more conservative constraint.
The minimum of the characteristic time spread τ min (E) is estimated for the three cases of source locations. If the sources are located in filamentary structures, the characteristic time spread is estimated as τ min (E) ≈ max(σ G (E), τ fil (E)) ≈ τ fil (E), where τ fil (E) ∼ 57 yr at E = 10 20 eV. For the remaining two cases where UHECR sources are embedded in clusters of galaxies, the time spread produced by the clusters is much longer than that produced by the GMF, i.e., τ min (E) ≈ τ cc (E) ∼ 9 × 10 4 yr and τ c1 (E) ∼ 2 × 10 4 yr at E = 10 20 eV, respectively. These values constrain ρ s from an upper side in the bursting case.
As mentioned before, the EGMF in voids may mainly contribute to the total time spread of UHECR bursts. Following equations (3) and (4), and ψ = 5
• , the characteristic time spread by the void EGMF is limited as
. (16) Here, τ v (E) dominantly determines τ max (E) in all the cases, when τ v,max (E) is larger than τ fil (E), τ c1 (E), and τ cc (E). Then, we can constrain the rate of UHECR bursts following equation (7) for the bursting case, and otherwise ρ s is constrained by equation (10), into which τ max (E) is substituted instead of τ (E). Emissivity of UHECRs at 10
19 eV required to reproduce the observed UHECR flux isL CR ∼ 10 44 erg Mpc −3 yr −1 (Waxman & Bahcall 1999; Berezinsky et al. 2006; Murase & Takami 2009 ). This emissivity can be converted into the requirement of cosmic ray energy input per burst by using ρ s , Figure 6 summarizes constraints on ρ s andẼ iso CR of transient UHECR sources as functions of n s (E). The black solid line represents a constraint of ρ s derived from τ v,max (E). The three inclined lines show constraints on ρ s or E iso CR . The vertical black dashed line is n s (E) = 3 × 10
for E = 10 20 eV (see equation (9)), which divide the bursting case from the other.
5. DISCUSSION Although we focused on transient UHECR sources in this work, one should keep in mind that the information on n s (E) itself is relevant, whether sources are steady or transient. Since actual n s (E) must be smaller than n h at any energy E (unless multiple images caused by sufficiently strong EGMFs lead to difficulty in determination of plausible n s (E)), comparing n s (E) with the number density of know astrophysical sources such as FR I/II galaxies should be useful, as have been discussed for steady UHECR sources (e.g., Takami Figure 6 . Possible constraints on the (differential) cosmic-ray energy input at 10 19 eV per burst E 2 (dN iso CR /dE) and the rate of bursts or flares ρs as functions of the apparent source number density ns(E). The vertical dashed line distinguishes between the bursting case and the other. In the bursting case (the left side of the line) these quantities are limited from both sides by equation (7). The black solid line shows the left inequality of equation (7), in which τmax(E) is dominated by the effective time spread of UHECRs by the void EGMF τv(E). The three color lines correspond to the right inequality of equation (7) for each magnetic environment around UHECR sources, i.e., filamentary structures (red), the case where sources exist at the center of clusters of galaxies (blue), and the case where sources are located at 1 Mpc away from the center (magenta). On the other hand, at the right side of the dashed line, these quantities are limited only from one side by equation (10).
Note that E = 10 20 eV, Emax = 10 21 eV and ψ = 5 • are assumed.
2009; Cuoco et al. 2009 ). This value can be regarded as n s (E) at E ∼ 6 × 10 19 eV because of the steep spectrum observed at around this energy with the spectral index of ∼ 4.3 (Abraham et al. 2010b) . Thus, for instance, FR II galaxies, which has the local number density of ∼ 3 × 10 −8 Mpc −3 (Blandford et al. 1990) , and flat-spectrum radio quasars which correspond to on-axis FR II galaxies in the framework of the unification scenario of radio galaxies (Urry & Padovani 1995 ), seem too rare as UHECR proton sources.
In this study, we adopt simple three zone models of magnetic fields (the GMF, a structured EGMF around sources, and the void EGMF), but modeling of the EGMFs have large uncertainty at present. Cosmological structure formation simulations have indicated that cosmic magnetic fields have complex web structures following matter distribution (Sigl et al. 2003; Dolag et al. 2005; Das et al. 2008) . At present, the volume filling fraction of relatively strong ( 10 nG) magnetic fields, i.e., filaments and clusters, highly depends on models and methods (see Figure 9 of Kotera & Olinto (2011) ). Also, the spectrum of the magnetic fields is crucial for the propagation of UHECRs, though it is not certain. An observational constraint of the magnetic strength of EGMFs in filamentary structures is only 0.1µG (Xu et al. 2006 ) and there is no direct observational implication on the direction and coherent length of the magnetic fields. While a turbulent magnetic field with the Kolmogorov spectrum with B f = 10 nG is simply adopted in this work, several numerical simulations have indicated the existence of large-scale fields in filamentary structures (e.g., Brüggen et al. 2005) . Such a coherent component deflects the trajectories of UHECRs more efficiently and . Same as Figure 6 , but the possible case that a magnetic field in a local filament contributes to the propagation of UHE protons if UHECR sources are embedded in filamentary structures (blue). For reference, a limit when only the GMF contributes to the propagation, i.e., the effect of a magnetic structure around sources is negligible, is shown (red), which is regarded as a conservative case discussed in Murase & Takami (2009) . The black dashed line and solid line are the same as in Figure 6 . Note that, for the cases where sources are embedded in clusters of galaxies, constraints on ρs andẼ iso CR given in Figure 6 are more relevant.
makes longer time-delay compared to a turbulent component. In this case the time spread of a UHECR burst is smaller than the time-delay because particles similarly propagate due to the large-scale component. The complex web of EGMFs implies that structured EGMFs on the way from sources to the Milky Way outside EGMFs embedding the sources could also play a significant role in the total deflection and time sperad of UHECRs, but these do not affect our constraints derived in the previous section in the scope of our EGMF models. Possible effects of such EGMFs are making additional deflection and time spread of UHECRs. As long as the additional deflection is small enough, the time spread by the EGMFs embedding the sources provides conservative constraints. In order to see the effects, we begin from evaluating the probability that UHECRs encounter a magnetic structure on the way to the Earth during propagation, which can be calculated from the number density, n x , and cross-sectional area, A x , of the structure x. The number density, n x ≈ f x /V x , where V x is the volume of the structure x, is n f ≈ 3 × 10
and n c ≈ 10 −6 Mpc −3 , respectively. The cross-sectional areas are A f ≈ 2 2 × 25 = 100 Mpc 2 and A c ≈ π × 3 2 = 9π Mpc 2 , so the encounter probability is 0.24 and 2 × 10
for 75 Mpc propagation in the cases of filaments and clusters, respectively. Thus, whereas it is unlikely for UHECRs to encounter clusters during their propagation, some of UHECRs penetrate into a filamentary structure once. But their typical deviation angle of protons with energies above 10 20 eV is still smaller than the considered value of ψ = 5
• (see Figure 5) , so that such intervening EGMFs do not affect our conservative results. Stronger constraints on ρ s andẼ iso CR from additional time spread can be expected especially if UHECRs must pass the local magnetized structure, as discussed afterwards.
One might expect the situation where effects of structured EGMFs are even more prominent. We could misperceive the positions of UHECR sources from their arrival directions if UHECRs propagate selectively along the magnetic web structure and/or are strongly scattered off by the structured EGMFs (Kotera & Lemoine 2008; Ryu et al. 2010 ). When such effects are large in the Universe, taking larger values of ψ will be more realistic. Also, as recently suggested, the structured EGMFs may increase the probability that we observe UHECRs from transient sources thanks to significant time spread longer than the intrinsic burst duration of the sources (Kalli et al. 2011) .
The Milky Way is thought to be located in a dense region in local Universe. Although magnetic fields in the local structure is highly uncertain, it could be another unavoidable EGMF for UHECRs arriving at the Earth. A constrained simulation has shown that the Milky Way belongs to a filamentary structure adjacent to the local Supercluster (Klypin et al. 2003) .
4 Assuming our filament model for the local magnetic structure, this EGMF is dominant in τ min (E) in the case where sources are located in filamentary structures because the time profile spread should be estimated as σ f (E) instead of τ f (E). Figure 7 shows possible constraints on ρ s andẼ iso CR in the case where the local filament is included. Conservative constraints by the GMF, which is discussed in Murase & Takami (2009) , is also shown. For a filamentary structure between a source and the local environment discussed above, the time profile spread can also be conservatively estimated by σ f (E), and therefore the same constraints as the case of the local filament are applied even if UHECRs pass several filamentary structures. In the cases that sources are embedded in clusters of galaxies, constraints are unchanged because the time spread of UHECRs by EGMFs in the clusters of galaxies is much larger. The discussions in Section 4, where only EGMFs surrounding the sources are considered, provide conservative constraints. If the volume filling fraction of structured EGMFs and the nature of local magnetic environments are understood, we would be able to obtain better constraints.
As seen above, it is obviously crucial to reduce the uncertainty of the EGMFs both theoretically and observationally in future to understand the properties of transient UHECR sources. In order to get better knowledge on the EGMFs, Faraday rotation surveys by future experiments such as Square Kilometer Array 5 are useful. Detection of TeV synchrotron pair echo/halo emission produced by UHE gamma-ray bursts/flares also may allow us to probe structured EGMFs with 10 nG (Murase 2011) . Future numerical simulations on structured EGMFs can also give us more insight into consequences to transient UHECR source population.
Throughout this paper we have focused on protons. Even though heavy nuclei are considered, the discussions in this paper are in principle applicable. A basic difference between protons and heavy nuclei is electric charge, i.e., nuclei suffer from deflections Z times as large as protons and the time spread roughly Z 2 times as large as protons. If structured EGMFs only in the vicinity of UHECR sources affect the propagation of nuclei, the discussions are valid because the deviation scale, ψ, reflects not the deflection angles of nuclei in the magnetic structures but a viewing angle of the structures. However, the GMF and a magnetic field in the Local Group would become seriously important. For the GMF, since the deflections of nuclei are too large at energies less than 10 20 eV, we should focus on nuclei with energies much higher than 10 20 eV. The deflection angles of nuclei could be the order of tens degree above a few times 10 20 eV (e.g., Giacinti et al. (2010) ). Thus, even considering the GMF, the discussions can in principle possible with larger values of ψ (e.g., ψ ∼ 30
• ). It is very uncertain that such discussions are possible even when an EGMF in local Group is taken into account because of more uncertainty. Future studies on effects of the EGMF in local Group will be necessary.
Although we have focused on an extragalactic component of UHECRs, possible Galactic sources, including GRBs (Levinson & Eichler 1993) , hypernovae (Budnik et al. 2007 ), fast-rotating neutron stars (Blasi et al. 2000) and magnetars, also could contribute to observed UHECRs. In general, Galactic source scenarios have difficulty to reproduce anisotropy in the arrival distribution of UHECRs (e.g., Pohl & Eichler 2011) . Recently Calvez et al. (2010) suggested that Galactic sources would cause the gradual change of UHECR composition reported by the PAO and therefore also contribute to the UHECR flux around the ankle without inconsistency with observed anisotropy. However, this scenario does not affect our discussions, since it still requires an extragalactic component of UHECRs above 3 × 10 19 eV, which we are interested in. Although we have considered how we can reveal transient sources with observations of charged cosmic rays, for transient sources, the multi-messenger approach is definitely relevant, i.e., high-energy neutrino observations (e.g., Waxman & Bahcall 1997; Rachen & Mészáros 1998) , GeV-TeV gamma-rays (e.g., Atoyan & Dermer 2003; Dermer et al. 2009; Murase 2011) , and UHE photons (Murase 2009 ) are helpful for identifying the sources.
6. SUMMARY We studied the propagation of UHECRs with analytical models of structured EGMFs, and demonstrated the effects of the structured fields on revealing the properties of transient UHECR sources by UHECR experiments. While the void EGMF seems difficult to probe, structured EGMFs may be measured by future radio observations or revealed by dedicated numerical simulations. Then, UHECR experiments with large exposures may allow us to constrain transient UHECR source population by comparing the derived properties, i.e., ρ s and E iso CR , with those of known astrophysical transients such as GRBs, AGN flares and magnetar generation (see table 4 of Murase & Takami (2009) 
for generation rates).
We demonstrated that the energy-dependence of the apparent source number density n s (E) is a crucial hint of transient sources, where, as we argued, observations above 10 20 eV are desirable due to the possible multipleburst contamination at lower energies. Once this transient feature is identified, the rate of UHECR bursts ρ s and energy input per burstẼ iso CR can be limited, given good knowledge on the structured EGMFs.
Finally, based on the discussions in this paper, we suggest a strategy to identify transient UHECR source population by future UHECR experiments with large exposures:
1. to estimate n s (E) from high event statistics and to see whether UHECR sources are transient from the energy dependence of n s (E), 2. to calculate the time profile spread of UHECRs from bursting or flaring sources, given good knowledge on the structured EGMFs from observations and/or simulations 3. to constrain ρ s andẼ iso CR from the above pieces of information 4. to discuss implications for known astrophysical candidates of UHECR sources via comparison with the properties of these transients.
